The nasal cavity harbours a commensal microbiota that reportedly provides colonization resistance against respiratory pathogens. Following the onset of chronic rhinosinusitis (CRS), a change in sinus microbiota composition is frequently reported in which atypical anaerobic and/or Gram-negative bacteria predominate. We have investigated pairwise interactions between respiratory bacteria isolated from healthy adults (n=3) and individuals exhibiting CRS (n=3). Antagonism was determined using a spot plate methodology and coaggregation scores were determined using a quantitative spectrophotometric assay. Obligate anaerobes were isolated from all CRS samples and exhibited inter-host growth inhibition of commensal nasal bacteria, including Corynebacterium spp. and Staphylococcus spp. Antagonism between bacteria isolated from healthy individuals was limited to corynebacterial-mediated inhibition of the staphylococci. The frequency of coaggregation was low overall (2/153 pairwise interactions). Antagonism of the nasal microbiota by respiratory pathogens may represent a competitive strategy in the sinus and warrants further investigation.
The relationship between microbiota and the healthy host is typically one of symbiosis. With regard to the upper respiratory tract, epithelial surfaces present a stable substratum for microbial colonization and in return the microbiota inhibits colonization and/or host-tissue invasion by potential bacterial pathogens through a range of direct and indirect effects [1] [2] [3] . The mechanisms by which the host microbiota achieves this are unclear, although competition with allochthonous pathogens is likely to be enhanced by directed antagonism. In the case of chronic rhinosinusitis (CRS), onset of facial pain and blockage of the sinus ostia (<12 weeks) may be accompanied by (i) colonization of the sinuses by Gram-negative bacilli or obligate anaerobes [4] [5] [6] and (ii) the establishment of biofilms, which can play a role in the chronicity of this infection [7] . Whilst CRS is a multifactorial disease, the factors underlying the associated dysbiosis are not known. Previously, coaggregation has been implicated as both a survival strategy for anaerobes in aerobic environments [8] [9] [10] and in the formation of multi-species bacterial biofilms [11] , whilst bacterial antagonism underlies colonization resistance [2, 12] . In the present study, therefore, we have investigated coaggregation and direct antagonism between bacteria isolated from healthy and diseased sinonasal cavities in order to better understand the potential role of these interactions in the pathophysiology of CRS-associated dysbiosis. Cells were recovered from (i) cotton swabs representative of the nasal turbinates of healthy adults (n=3) and (ii) sphenoid sinus tissue biopsies (1 cm   3 ) taken from patients exhibiting CRS without nasal polyposis (n=3) during functional endoscopic sinus surgery at the Royal Albert Edward Infirmary, UK (Wrightington, Wigan and Leigh NHS Foundation Trust). All tissue samples were subjected to mechanical agitation (10 s; 240 oscillations min À1 ) in Wilkins Chalgren broth (supplemented with 0.1 g glass beads, Oxoid Ltd). Following this, broth containing detached bacterial cells was serially diluted onto Columbia blood agar base (supplemented with 5 % defibrinated horse blood, Oxoid Ltd.) and incubated at 37 C (72 h) under aerobic (5 % CO 2 ) or anaerobic (H 2 , 10 %; CO 2 , 10 %; N 2 , 80 %) conditions. A total of 41 colonies were subjected to sequencing of the 16S rRNA gene using the 806R/8FLP primer set [13] . In order to limit the potential duplication of pairwise interactions, organisms with the same species identification isolated from the same volunteer were further typed by Repetitive Element Sequence-Based PCR (rep-PCR) using the (GTG)5 primer [14] . Electrophoresis was conducted for a total of 200 volt h using a 0.8 % (w/v) agarose gel and the banding profiles for each isolate were compared using Bionumerics (Applied Maths, Sint-Martems-Latem, Belgium). Isolates of the same species and exhibiting !93 % homology following UPGMA dendrogram construction were reported as the same strain [15] . All bacterial isolates subjected to pairwise interactions are shown in Table 1 . The cultivable portion of bacteria isolated from the healthy turbinates mainly comprised representatives of the staphylococci and corynebacteria, which have been shown to predominate at this body site [16] . In contrast, CRS samples were more associated with respiratory pathogens (particularly obligate anaerobes), an observation broadly representative of previous studies (for a review see [4] ). Finegoldia magna (formerly Peptostreptococcus magnus) was isolated from 2/3 CRS patients and is frequently associated with this condition [4, 17] . Abiotrophia defective and Citrobacter spp. are less frequently observed, but have been described in the context of the chronically inflamed sinus following culture-independent analysis [18, 19] . It must be noted that isolates from a single CRS biopsy sample were most closely related to Clostridium nitrophenolicum following a GenBank database search (NR_042516; 100 %), which, to the best of the authors' knowledge, has not been described in the context of this disease.
Directed antagonism between respiratory isolates was investigated in all theoretical combinations using a modification of the soft agar overlay approach described by Jack et al. [20] . Briefly, test bacteria were adjusted to an OD 1.0 (600 nm) and spot-plated onto the surface of Mueller-Hinton agar plates. Following air-drying, spots were covered with cooled sloppy agar containing 1Â10 4 c.f.u. of an indicator organism and incubated (12 h, 37 C). Of the 289 interactions investigated, c. 24 (8 % interactions) were positive for antagonism, as denoted by a zone of inhibition in the indicator lawn (Table 2 ). These positive pairings can be summarized as follows: (i) Corynebacterial inhibition of the staphylococci (7/22 pairings). This form of antagonism may explain the inverse correlations that have been reported previously between Corynebacteriaceae and Staphylococcaceae prevalence following 16S rRNA gene-based PhyloChip analysis [21] and separately using culture, whereby colonization of the nasal cavity by Corynebacterium spp. was associated with reduced rates of S. aureus carriage in a sample of 156 adults [22] ; (ii) Antagonism between bacteria isolated from the chronically inflamed sphenoid sinus (7/22 pairings); (iii) Growth antagonism of members of the healthy nasal turbinate microbiota by bacteria isolated from the chronically inflamed sinus (8/22 pairings), suggesting a role for antagonism in the establishment of pathogens on the respiratory mucosa during CRS. Interestingly, intra-species growth inhibition was observed with regard to S. aureus (cD1) and S. epidermidis (cF2). Despite their isolation from CRS patients, the role of the staphylococci in the pathophysiology of sinusitis is unclear, given their propensity in the healthy sinonasal cavity [16] , but intra-species antagonism may represent a competitive strategy or virulence trait in the colonization of the sinuses.
Coaggregation between isolates was performed in all pairwise combinations using a previously validated quantitative coaggregation assay [23] . The mean coaggregation score from all interactions was low overall (2.99 %; score range 0.02-24.6 %) and no significant association between coaggregation score and antagonism was observed following Fisher's exact test (P!0.05). This apparent lack of association between coaggregation and directed antagonism has been reported previously in Neisseria spp. [24] and between bacteriocin-like inhibitory substance-producing oral streptococci [25] . Of the 153 pairwise interactions performed, significant coaggregation scores were limited to auto-aggregation by S. epidermidis KY968729. As a pioneer species of the nasal cavity, these cell-cell interactions may imply an ecological advantage to this species. This is in contrast to the oral cavity, where coaggregation has been shown with high frequency. Previously, Ledder et al. [23] reported strong coaggregation (>60 % coaggregation score) in 40 % of pairwise interactions between orally derived species. Of note, coaggregation scores in excess of 70 % were reported following the pairing of either Porphyromonas gingivalis or Fusobacterium nucleatum with Acinetobacter naeslundii, suggesting a role for this interaction in the development of plaque. With regard to the sinonasal cavity, the importance of coaggregation in the establishment of obligate anaerobes during CRS remains unclear, given the low frequency with which such interactions were observed. Establishment may follow swelling of the sinus epithelia, occlusion of the sinus ostia and impairment of the mucociliary pathway [26] resulting in eventual localized tissue hypoxia and limited bacterial clearance [27] . Unidentified obligate anaerobe cF3 (KY968721) Finegoldia sp. cF4 (KY968736) *Codes after bacterial names represent strain designation based on disease status (healthy, prefix h; chronic rhinosinusitis, prefix c), the volunteer from whom the bacterium was isolated (A-F) and the isolate number. GenBank accession numbers for the identified sequences are shown in brackets.
Interactions between the commensal microbiota and allochthonous micro-organisms are likely to be complex. In this study, we have investigated the functional and antagonistic interactions between bacteria representative of both the healthy and diseased sinonasal cavity. Coaggregationbased interactions between a selection of nasal isolates were rare, suggesting that this cell-cell interaction may not serve a critical function in the establishment of pathogens in the upper respiratory tract during CRS. Antagonistic interactions were more common and typically involved growth inhibition of the staphylococci by either commensal corynebacteria or CRS-associated respiratory pathogens. Further study is warranted with a larger sample size to better understand the role of directed bacterial antagonism in the pathophysiology of CRS. Additional studies should also characterize the nature of the observed antagonism, and include profiling of the released antagonistic substances.
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